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Abstract
Purpose
To comprehensively investigate the types of driving errors and locations that are most prob-
lematic for older drivers with glaucoma compared to those without glaucoma using a stan-
dardized on-road assessment.
Methods
Participants included 75 drivers with glaucoma (mean = 73.2±6.0 years) with mild to moder-
ate field loss (better-eye MD = -1.21 dB; worse-eye MD = -7.75 dB) and 70 age-matched
controls without glaucoma (mean = 72.6 ± 5.0 years). On-road driving performance was
assessed in a dual-brake vehicle by an occupational therapist using a standardized scoring
system which assessed the types of driving errors and the locations where they were made
and the number of critical errors that required an instructor intervention. Driving safety was
rated on a 10-point scale. Self-reported driving ability and difficulties were recorded using
the Driving Habits Questionnaire.
Results
Drivers with glaucoma were rated as significantly less safe, made more driving errors, and
had almost double the rate of critical errors than those without glaucoma. Driving errors
involved lane positioning and planning/approach, and were significantly more likely to occur
at traffic lights and yield/give-way intersections. There were few between group differences
in self-reported driving ability.
Conclusions
Older drivers with glaucoma with even mild to moderate field loss exhibit impairments in
driving ability, particularly during complex driving situations that involve tactical problems
with lane-position, planning ahead and observation. These results, together with the fact
that these drivers self-report their driving to be relatively good, reinforce the need for evi-
dence-based on-road assessments for evaluating driving fitness.
PLOS ONE | DOI:10.1371/journal.pone.0158318 July 29, 2016 1 / 12
a11111
OPEN ACCESS
Citation:Wood JM, Black AA, Mallon K, Thomas R,
Owsley C (2016) Glaucoma and Driving: On-Road
Driving Characteristics. PLoS ONE 11(7): e0158318.
doi:10.1371/journal.pone.0158318
Editor: Andrew Anderson, The University of
Melbourne, AUSTRALIA
Received: April 27, 2016
Accepted: June 14, 2016
Published: July 29, 2016
Copyright: This is an open access article, free of all
copyright, and may be freely reproduced, distributed,
transmitted, modified, built upon, or otherwise used
by anyone for any lawful purpose. The work is made
available under the Creative Commons CC0 public
domain dedication.
Data Availability Statement: Data is available as
"Driving performance in older adults with glaucoma"
which is in Research Data Finder: https://
researchdatafinder.qut.edu.au/display/n21128.
Funding: This work was supported by the National
Health and Medical Research Council 1008451. The
sponsor or funding organization had no role in the
design or conduct of this research. CO’s participation
was made possible by National Institutes of Health
grants R01EY18966 and P30AG22838, Research to
Prevent Blindness, and the EyeSight Foundation of
Alabama.
Introduction
Glaucoma is a leading cause of visual field loss in older populations,[1] affecting approximately
60 million people worldwide, with the numbers estimated to increase significantly in the
future.[2, 3] Importantly, 20 per cent of glaucoma patients experience progressive visual field
loss despite receiving appropriate treatment,[4] and even in developed countries, half of those
with glaucoma are unaware that they have the disease.[5]
Driving is a key component in maintaining the independence of older adults, including
those with glaucoma. However, older drivers with glaucoma report a number of driving diffi-
culties, including problems with glare, night driving and tasks requiring peripheral vision and
visual search,[6] with avoidance of challenging driving situations, [7] and self-reported reduc-
tions in their driving ability.[8] Glaucoma is cited as one of the main reasons that older drivers
give up driving,[9] with patients having bilateral glaucoma being almost three times more likely
to cease driving than those without glaucoma.[10]
A number of studies have reported elevated crash risk in drivers with glaucoma, however,
the experimental design of these studies has been of variable quality. Earlier studies reported
elevated crash rates in drivers with glaucoma,[11, 12] but did not adjust for confounding fac-
tors, while small case control studies have reported increased numbers of simulator and real
world crashes in glaucoma patients compared to controls.[13] More recent studies have shown
that glaucoma is an important risk factor for self-reported crashes over the previous 10 years
[14] and state-recorded crashes,[15–19] however, the underlying reasons for this increased
crash risk are unclear. There is also some debate regarding the impact of the location of visual
field loss on driving ability and safety, with some studies highlighting the importance of field
loss in the lower field [20, 21], while others highlight the importance of field loss in the upper
field [19, 22]. These discordant findings may be due to differences in sample characteristics as
well as methods of assessing driving ability and safety.
The simulator-based driving performance of persons with glaucoma has been compared to
those without glaucoma, involving small numbers of drivers with a variety of levels of glauco-
matous visual field loss. One study found that drivers with glaucoma adjusted the position of
the steering wheel more frequently (exhibited more jerky steering) than did the controls and
were also poorer at detecting letters presented in the driving scene than controls, but there
were no other between group differences,[23] while a recent case control study reported that
patients with advanced glaucoma had significantly more simulator crashes that were related to
reductions in integrated visual field sensitivity.[24] Conversely, a small scale study of drivers
with binocular glaucomatous field loss found that a subgroup exhibited safe driving behaviors
through increased visual scanning, leading the authors to conclude that binocular field loss
doesn’t necessarily impact upon driving safety.[25]
The specific nature of the driving difficulties of those with glaucoma on real roads has not
been extensively studied, despite growing evidence that some drivers with glaucoma have an
increased risk of motor vehicle collision involvement. The only studies that have assessed on-
road driving in drivers with glaucoma have highlighted problems with lane-keeping, negotiat-
ing curves and anticipatory skills;[26] and increased driving instructor interventions.[27, 28]
However, while providing a useful basis for understanding driving difficulties in glaucoma
these studies were limited by relatively small numbers of participants,[26–28] failure to include
a control group [26] or assessed limited aspects of driving performance.[27, 28]
The purpose of this study was to investigate which aspects of driving behavior and types of
driving situation are most problematic for drivers with glaucoma. Compared to older adults
without glaucoma, we hypothesized that lane control and skills involving observation and plan-
ning would be impaired in those with glaucoma; we included individuals with mild to
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moderate glaucomatous field loss, given they are more likely to be actively driving. This type of
information regarding specific driving difficulties is essential to provide the basis for the design
of interventions to improve the driving ability and safety of this population.
Materials and Methods
Participants
Participants with glaucoma were recruited from the clinical records of the Queensland Univer-
sity of Technology (QUT) Optometry Clinic and private ophthalmology practices, and had
been diagnosed as having glaucoma by their treating ophthalmologist. The age-matched con-
trol participants were recruited as a convenience sample from our existing database of nor-
mally-sighted volunteers as well as from the QUT Optometry Clinic. The participants with
glaucoma and the controls were recruited simultaneously and tested in order of recruitment.
Participants were excluded if they had any significant ocular or visual pathway disease lead-
ing to visual field loss, other than glaucoma; had Parkinson’s Disease; history of dizziness or
vestibular disease; used a walking aid; or had signs of cognitive impairment (Mini-Mental State
Examination score<24 of 30).[29] All participants were current drivers and licensed to drive
in Australia, where the visual requirements are visual acuity better than 20/40 with one or both
eyes and binocular visual fields with a horizontal extent of at least 110° within 10° above and
below the horizontal midline.
The study adhered to the tenets of the Declaration of Helsinki and was approved by the
Queensland University of Technology Human Research Ethics Committee. All participants
were given a full explanation of the nature of the study and experimental procedures, and writ-
ten informed consent was obtained. Participants attended two testing sessions including an
assessment of visual function and self-reported driving, in addition to an assessment of on-
road driving performance.
Visual assessment and driving characteristics
All participants underwent an eye examination that included ophthalmoscopy, slit-lamp bio-
microscopy, and fundus photography, to confirm eligibility for the study. Binocular visual acu-
ity with the habitual driving correction was measured with the Early Treatment for Diabetic
Retinopathy Study (ETDRS) chart at 5 m, at a luminance of 100 cd/m2, using the letter-by-let-
ter scoring method.[30] Binocular contrast sensitivity was measured with the Pelli-Robson
Contrast Sensitivity chart at 1 m at a luminance of 110 cd/m2, using the letter-by-letter scoring
method.[31] A +1.00 DS lens was used to compensate for the working distance. Visual fields
were assessed monocularly in each eye using the SITA-Standard 24–2 threshold strategy on a
Humphrey Field Analyser (model 750, Carl Zeiss-Meditec, Dublin, CA). A binocular field was
also constructed by combining the monocular visual fields based on the more sensitive of the
two eyes at each visual field location.[32]
Participants also completed the Driving Habits Questionnaire (DHQ), an instrument used
to characterize driving habits, exposure, frequency, driving difficulties and provide a self-rating
of driving quality.[33] The degree of visual driving difficulty experienced in nine specific driv-
ing situations (when raining, driving alone, parallel parking, turning across on-coming traffic,
highways, busy traffic, rush hour, night-time and unfamiliar areas), and a composite difficulty
score scaled on a 100 point scale was generated,[33] where a higher score reflected less overall
difficulty.
A brief general health questionnaire was administered to record the presence of 15 chronic
medical conditions.[34] Hand grip strength was used as an index of physical frailty and
assessed for both hands using a hydraulic hand dynamometer (North Coast Inc). The mean of
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the highest two measures of three trials (in kg-force) for the strongest hand was used in the
analysis.
Driving Performance
Driving performance was assessed under in-traffic conditions in an automatic, dual-brake
vehicle using a previously validated technique.[35–37] An accredited professional driving
instructor was responsible for directing the driver along the route, monitoring safety, and sat in
the front passenger seat. Driving was scored by an occupational therapist seated in the back
seat of the vehicle who is highly experienced in driving assessment and rehabilitation, having
been involved in vision and driving studies for over 20 years; the agreement in ratings between
the driving instructor and occupational therapist were high (intraclass correlation coeffi-
cient = 0.88, 95% CI 0.84–0.91, p<0.001), similar to previous studies.[36] The driving instruc-
tor and occupational therapist were both masked regarding whether the participants had
glaucoma or not, and were also masked to participants’ functional performance in the labora-
tory testing. All assessments were conducted outside of rush hour traffic times.
Participants drove along a 19.4 km route on the open road, which started with a short famil-
iarization period and then progressed to driving along city and suburban streets, and involved
simple and complex intersections for a range of traffic densities. The driving assessment was
around 50 minutes in duration, except when the drive was terminated early if the driver was
considered too unsafe to proceed. A large proportion of the drive (~75%) was conducted under
directed instruction, where the driving instructor provided detailed instructions of the route,
while the remaining drive (~25%) was conducted under self-directed navigation, where the
participant had to find their own way to a given destination. The occupational therapist scored
driving performance at a series of locations along the driving route in terms of driving behav-
iors (at an average of 149 locations) and scored overall driving safety on a 10 point scale based
on driving standards criteria described elsewhere.[37] The proportion of locations at which at
least one error was made was also calculated.
Driving behaviors. At each of the locations, several aspects of driving behavior were
scored: general observation (scanning and attention), braking/acceleration (appropriate speed
and braking), lane positioning, gap selection (gap selected when entering traffic or the gap
between the driver and other vehicles) and approach to hazards (appropriate planning and
preparation).[38] Observation of blind-spots (correct checking of blindspot and shoulder
checks) and indication/signalling (appropriate use of directional indicator) were also assessed
where appropriate (average of 15 and 56 locations respectively). For each behavior type, the
total number of errors as a proportion of the total number of times the behavior was assessed
was calculated for each participant.
Driving situations. Each of the locations was further allocated into one of six situation
categories: traffic light controlled intersections, one-way traffic (straight and curved driving),
two-way traffic (straight and curved driving), give-way (stop/give-way intersections, non-traf-
fic light controlled intersections, pedestrian crossings and roundabouts), manoeuvring (revers-
ing, parking, turnaround manoeuvre and negotiation through traffic slowing devices), and
merging (lane changing, merging and entering/exiting traffic flow). For each situation, the total
number of errors as a proportion of the total number of times that performance was assessed at
that location was calculated for each participant.
Critical Errors. Driving errors that were considered by the occupational therapist to pose
a significant risk to driving safety and required an instructor intervention to avoid an imminent
safety issue (either through applying the brakes or taking control/correction of the steering
wheel) were classified as critical errors (CE). Each CE was coded post-testing into one of four
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broad themes which described the predominant factor associated with the CE: Observation
(failed to observe key information in the driving environment); Speed control (excessive or
very slow speeds); Lane control (drifting over lanes or failing to keep in lane), and Vehicle con-
trol (steering unsteadiness, problems with use of correct pedals or handbrake).
Where drives were terminated early because of unsafe performance, driving behaviors and
situation errors were scored as a proportion of number of locations assessed, and overall driv-
ing performance was scored accordingly.
Statistical Analysis
Group differences for the vision and self-reported driving characteristics were examined using
independent t-tests and χ2 tests, where appropriate. Linear regression models were used to
compare group differences in overall driving performance, driving behaviors and driving situa-
tions. For count outcome variables (CE and predominant CE factors), negative binomial
regressions were used. All models were further adjusted for cognitive (MMSE score), motor
(grip strength) and health status (number of co-morbidities) given that these factors have been
shown to be associated with driving ability in previous research;[37] the inclusion of these
potential confounding variables improved the statistical associations. Data were analysed with
SPSS (ver. 22; www.ibm.com). Analyses were two-tailed, and p<0.05 was considered statisti-
cally significant.
Results
Participants included 75 older drivers aged 65 years and above with a diagnosis of glaucoma
and 70 visually normal controls; their demographic and visual characteristics are presented in
Table 1. There were no significant between-group differences according to age, gender, number
of co-morbidities, grip strength or cognitive function as measured by the MMSE. Visual func-
tion as measured by standard vision tests including visual acuity, contrast sensitivity and auto-
mated visual fields was significantly worse for the glaucoma patients than the controls,
however, the between group differences for visual acuity and contrast sensitivity were small.
Participants’ self-reported driving characteristics as determined with the DHQ are shown in
Table 2. There were no between-group differences in terms of the number of days of driving in
Table 1. Demographic and visual characteristics of the participants by group. Continuous variables presented in mean ± SD, with minimum to maxi-
mum values given for the vision variables.
Glaucoma (n = 75) Controls (n = 70) p value
Demographics
Age (years) 73.19 (5.95) 72.59 (4.99) 0.51
Gender (Female, n %) 23 (31%) 23 (33%) 0.78†
Health
Co-morbidities (n) 2.65 (1.63) 2.69 (1.85) 0.91
Grip Strength (strongest hand: kg-force) 30.18 (9.60) 28.74 (9.82) 0.37
MMSE (score out of 30) 28.47 (1.48) 28.63 (1.19) 0.47
Vision
Visual acuity (logMAR) 0.01 (0.11) (0.24 to -0.22) -0.05 (0.09) (0.26 to -0.22) <0.001
Contrast sensitivity (log units) 1.87 (0.14) (1.30 to 1.95) 1.95 (0.03) (1.85 to 2.05) <0.001
Visual ﬁeld MD, better eye (dB) -1.21 (4.90) (-23.24 to 3.99) 1.86(1.15) (-1.89 to 4.25) <0.001
Visual ﬁeld MD, worse eye (dB) -7.75 (8.47) (-31.00 to 2.10) 1.01 (1.38) (-2.98 to 3.54) <0.001
Integrated visual ﬁeld sensitivity (dB) 28. 86 (4.34) (8.67 to 34.04) 31.80 (1.30) (26.62 to 34.29) <0.001
† χ 2 test, Independent Samples t-test used for continuous variables, and chi-square test for categorical variables
doi:10.1371/journal.pone.0158318.t001
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a typical week, estimated distance travelled per year, the spatial extent that a person drives in
their own environment (Driving Space Score),[33] or the number of self-reported crashes.
Very few drivers reported that someone had suggested they stop driving (1 glaucoma and 2
control drivers). When asked to rate the quality of their driving, the result was similar among
the drivers with glaucoma compared to the drivers without glaucoma, with no drivers in either
group reporting their driving as poor. Self-reported driving difficulties were, however, different
between the groups, where the composite driving difficulty score for the glaucoma group was
significantly worse than the controls (p = 0.005). However, further exploration of the specific
driving situations where difficulties were reported indicated that the drivers with glaucoma
reported significantly more driving difficulty for only two driving situations: driving when
raining (p = 0.027) and at night (p<0.001). The remaining driving situations showed no differ-
ences between the glaucoma and control drivers (driving alone, p = 0.98; parallel parking,
p = 0.96; turns across oncoming traffic, p = 0.21; driving on highways/motorways, p = 0.81;
high-traffic roads, p = 0.14; rush hour, p = 0.31; and unfamiliar areas p = 0.18).
The on-road driving characteristics of the drivers with glaucoma and controls are presented
in Table 3. The glaucoma drivers were rated as less safe overall than the controls, with a 0.62
point difference (5.17 vs. 5.79, respectively), and made more errors overall relative to opportu-
nity than did the control drivers (16% vs 14%, respectively); these differences reached signifi-
cance after adjustment for cognitive status, strength and health status. Adjusting the model for
years of driving experience did not affect the outcome. Negative binomial regression with
adjustment indicated that the average number of CE errors per drive was significantly higher
for the glaucoma than the control drivers (0.83 vs 0.43, respectively; rate ratio (RR) 2.06, 95%
CI 1.17–3.62). When the predominant CE factors were examined, the rate of CE relating to
Table 2. Self-reported driving characteristics of the participants as determined from DHQ responses.
Characteristic Glaucoma (n = 75) Controls (n = 70) P value†
Years of driving experience (mean (SD)) 54.6 (6.3) 53.4 (7.1) 0.29
Distance driven in the past year (n, %) < 5000 km 14 (19) 20 (28) 0.28
5001–10,000 km 39 (52) 26 (37)
10,001–15,000 km 9 (12) 14 (20)
15,001–20,000 km 7 (9) 6 (9)
>20,000 km 6 (8) 4 (6)
Number of days driven in a typical week (mean (SD)) 4.9 (1.9) 5.3 (1.7) 0.16
Composite Driving Difﬁculty Score (mean (SD))** 92 (10) 96 (6) 0.005
Drive Space Score, (mean (SD))*** 18.2 (8.5) 17.7 (7.2) 0.72
Someone has suggested stopping driving (n, %) 1 (1.3) 2 (2.9) 0.52
Driver Dependency score (mean (SD))^ 1.61 (0.70) 1.54 (0.72) 0.63
Quality of Driving (n, %) Excellent 8 (11) 5 (7) 0.42
Good 46 (62) 49 (70)
Average 18 (24) 16 (23)
Fair 2 (3) 0 (0)
No. of drivers with a history of crashes (n, %) In previous 12 months 3 (4) 4 (6) 0.64
In previous 5 years 14 (19) 16 (23) 0.56
† Independent Samples t-test used for continuous variables, and chi-square test for categorical variables.
**Out of 100; lower scores indicate greater difﬁculty
*** Summative score of driving patterns away from their home base over the past 6 months (e.g., within the neighborhood, outside the state). Lower scores
indicate less frequent and smaller driving space.
^ Ranges from 1–3 with higher scores reﬂecting greater levels of dependency on others to drive.
doi:10.1371/journal.pone.0158318.t002
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observation in glaucoma drivers was significantly higher than in controls (RR 2.06, 95% CI
1.04–4.08), while no differences were found for CEs relating to vehicle control, lane discipline
or speed. The driving assessment was terminated early due to safety concerns in 12 drivers; the
proportion did not differ between the groups (glaucoma: n = 6 (8.0%) vs controls: n = 6 (8.6%),
χ1
2 = 0.016; p = 0.90).
Blind-spot errors were the most common form of driving behaviour errors in both groups,
however, there were no significant between group differences (Table 4). The drivers with glau-
coma made significantly more errors associated with approach (p = 0.016), observation
(p = 0.013) and appropriate lane position than the controls (p = 0.011). Of the driving situations,
most errors were made in merging situations, but there were no significant between group differ-
ences. However, drivers with glaucomamade significantly more errors at traffic light controlled
intersections (p = 0.005) and give way situations (p = 0.039) compared to controls.
Table 3. Summary scores for on-road driving assessment as a function of group status (mean ± SD) with unadjusted and adjusted p values.
Driving Outcome Glaucoma (n = 75) Controls (n = 70) Unadjusted p value Adjusted p value†
Driver safety rating (1–10)a 5.17 (1.81) 5.79 (1.96) 0.05 0.028*
Proportion of locations with an error (%)a 16 (6) 14 (5) 0.057 0.041*
Critical errors (CE) (#)b 0.83 (1.16) 0.43 (0.73) 0.02* 0.012*
CE relating to Observation (#)b 0.48 (0.76) 0.24 (0.52) 0.044* 0.037*
CE relating to Vehicle Control (#)b 0.11 (0.35) 0.14 (0.39) 0.561 0.597
CE relating to Lane Discipline (#)b 0.19 (0.39) 0.16 (0.40) 0.693 0.554
CE relating to Speed (#)b 0.15 (0.56) 0.06 (0.29) 0.120 0.079
† Adjusted for MMSE score, grip strength and number of co-morbidities
* p<0.05
a Linear regression
b Negative binomial
doi:10.1371/journal.pone.0158318.t003
Table 4. Specific error types and locations of errors made as a function of group.
Glaucoma (n = 75) Controls (n = 70) Unadjusted p value Adjusted p value†
Driving behaviours (% errors to locations assessed)
Observation errors 3.79 (3.41) 2.94 (2.56) 0.091 0.013*
Brake/accelerator 5.10 (5.07) 4.26 (4.08) 0.278 0.228
Indicator 11.40 (5.44) 10.69 (4.81) 0.407 0.390
Lane position 6.73 (4.97) 4.98 (3.92) 0.020* 0.011*
Gap selection 2.04 (1.59) 1.76 (1.77) 0.314 0.261
Approach 6.27 (5.27) 4.46 (4.19) 0.024* 0.016*
Blindspot 74.23 (19.78) 69.29 (19.59) 0.133 0.104
Driving situations (% errors to locations assessed)
Trafﬁc Light Situations 13.53 (9.72) 9.41 (8.18) 0.007** 0.005**
One-way driving 17.94 (17.33) 16.90 (18.20) 0.725 0.672
Two-way driving 13.76 (9.98) 11.06 (8.98) 0.090 0.077
Give-way 24.12 (11.03) 20.97 (8.90) 0.061 0.039*
Manoeuvring 35.58 (21.79) 41.58 (21.26) 0.096 0.118
Merging 66.33 (17.72) 64.67 (16.59) 0.560 0.469
† Adjusted for MMSE score, grip strength and number of co-morbidities
* p<0.05
** p<0.01
doi:10.1371/journal.pone.0158318.t004
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Discussion
This study investigated which types of driving errors and driving situations are more problem-
atic in a large sample of drivers with mild to moderate glaucomatous field loss compared to
control drivers without glaucoma. Our data reveal that even drivers with mild to moderate
field loss exhibit impaired driving performance compared to age-matched controls, being rated
as less safe than the controls, having significantly more problems with observation, maintain-
ing lane position and approach and planning than the controls, with driving errors being more
common at traffic-light controlled or give-way intersections. The drivers with glaucoma were
also significantly more likely to make one or more critical errors that required the driving
instructor to intervene and these interventions were particularly associated with errors in
observation. This finding that even mild to moderate glaucomatous field loss has important
functional consequences supports other research that has shown impairments in activities of
daily living such as eye-hand coordination [39], balance and falls [40, 41] even in those with
modest glaucomatous field loss.
The types of driving errors made more often by the glaucomatous drivers included main-
taining lane position, approach (including changing lanes and planning ahead) and observa-
tion, which suggest problems in appropriately observing the road environment and planning
ahead. The finding of increased lane position errors supports the findings of the two small sam-
ple studies of drivers with binocular glaucomatous field loss,[26, 42] which reported lane keep-
ing as one of the reasons that these drivers failed an on-road assessment, while the finding of
problems with accurate observation of the road ahead in complex road situations has not been
previously investigated. Maintaining appropriate lane position and changing lanes requires
awareness of peripheral hazards in the driving environment, as well as those directly in front of
the driver and may reflect reductions in peripheral awareness. However, not all of the drivers
with glaucomatous field loss exhibited these driving errors suggesting that some drivers are
able to compensate for their field loss. This is supported by previous studies of drivers with bin-
ocular hemianopic [42, 43] and glaucomatous field loss, [25, 42, 44] where some drivers exhib-
ited differences in visual scanning and eye movement patterns compared to controls,
particularly towards the area of their visual field defect; alternatively, some drivers may slow
down and adopt a more cautious driving style to compensate for their impairment. While we
did not assess eye movements or scanning patterns in this study, it is an important area for
future research in order to enable better understanding of whether certain patterns of eye
movements can compensate for visual impairment; these strategies could be incorporated into
training scanning techniques for those with visual impairment with potential improvements in
driving safety.
The drivers with glaucoma made significantly more errors than controls at traffic light-con-
trolled and give-way (yield) intersections. Importantly, the consequences of errors in these traf-
fic situations are likely to involve multiple road users (vehicles and pedestrians) and have
significant safety consequences. While crash data suggests that increasing age is a significant
risk factor for the prevalence and severity of intersection crashes,[45] this is the first study to
identify intersections as a particular performance problem area for drivers with glaucoma.
The finding of self-reported problems with night-time driving concur with those of a large
study by Janz et al[6] and other studies that indicate that problems with driving at night are a
common complaint in patients with various forms of visual impairments, including cataracts,
glaucoma and age-related macular degeneration,[6, 7, 33, 46] as well as in patients following
refractive surgery and those wearing presbyopic corrections.[47, 48] However, there were few
self-reported differences in driving habits or self-rating of driving quality between the drivers
with and without glaucoma. This finding is in contrast with the significant differences evident
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PLOSONE | DOI:10.1371/journal.pone.0158318 July 29, 2016 8 / 12
in the assessment of on-road driving performance which was undertaken in relatively good
driving conditions, being in daytime hours and when the weather was dry. Many of the drivers
in both groups, but particularly the drivers with glaucoma, had critical errors that required an
instructor intervention and had correspondingly poor ratings of overall driving safety, yet no
participants rated their driving as poor and very few drivers had been advised to stop driving.
Interestingly, other studies of older drivers in general,[49] and specifically those with hemiano-
pic field defects[50] suggest that lack of insight is a problem in some drivers. Therefore it is
imperative that objective predictor tests are identified that can predict those drivers who are
unsafe to drive, as it is clear that some drivers are less insightful regarding their driving
capacity.
The results of this study should be considered in terms of both its strengths and limitations.
Strengths include a driving assessment under real traffic conditions in a wide variety of on-
road environments using a standardized route that was both extensive in duration and length
and included a variety of different driving challenges which allowed determination of both the
type of errors and also the type of traffic locations that were more problematic. Furthermore,
both the occupational therapist and driving instructor were masked to participants’ visual
characteristics and whether they had glaucoma or not. Finally, we assessed drivers with a
range of glaucomatous loss, from early to moderate loss, as these older adults are most likely
to be driving on normal road systems, in addition to a representative sample of control driv-
ers without glaucoma. A limitation, as in any study of this nature, is that the drivers were
aware that they were being assessed and may have adjusted their driving performance
accordingly. In addition, drivers were also assessed in an unfamiliar vehicle and in an unfa-
miliar driving environment that may have impacted on compensatory strategies; naturalistic
studies of drivers with glaucoma in their own vehicles and in their own environments are
therefore important for future research, given that many drivers with visual impairment are
given conditional licences that permit them to drive only within a limited radius of their
home and/or during daylight hours. As for any study conducted under in-traffic conditions,
there may be minor variations in weather and traffic, although assessments were only con-
ducted in dry conditions and outside of peak hour traffic, and the occupational therapist
took these variations into consideration when rating participants’ driving performance.
Indeed, the fact that the study was also conducted outside of peak hour traffic may underesti-
mate the potential driving problems of some of the participants when driving in busy traffic
situations.
In summary, this is the first on-road study to include a large sample of drivers with glau-
coma enabling identification of the specific driving error types and driving locations that are
most problematic for drivers with glaucoma compared to control drivers without glaucoma.
We demonstrated that older drivers with mild to moderate glaucomatous field loss exhibited
less safe overall driving performance, and made more errors involving specific driving behav-
iours and situations. Importantly, in a growing population of drivers with mild to moderate
glaucoma, the impact of these differences on road safety will be critical, particularly as problem
areas include situations such as traffic-light controlled intersections, where the consequences
of errors can be fatal. Thus for older drivers with glaucoma early detection is important, not
just to minimise or prevent progression of disease and its associated visual impairment, but
also to ensure safe driving performance. We will explore the relationship between a range of
standard and novel visual function tests and the driving outcome measures and safety in future
papers, which will assist in the design of test batteries to better identify unsafe drivers. Future
research will also use these results as a basis to explore potential interventions that can improve
the driving ability and safety of this growing population.
On-Road Driving in Glaucoma
PLOSONE | DOI:10.1371/journal.pone.0158318 July 29, 2016 9 / 12
Acknowledgments
The authors would like to thank Trent Carberry and Janessa Kimlin for assistance in labora-
tory-based data collection and Ivor Booker for assisting in the assessment of driving perfor-
mance. The authors would also like to thank all of the participants who gave so generously of
their time.
Author Contributions
Conceived and designed the experiments: JW CO AB RT. Performed the experiments: AB KM.
Analyzed the data: AB JW. Contributed reagents/materials/analysis tools: JW AB KM. Wrote
the paper: JW AB KM CO RT.
References
1. Ramrattan RS, Wolfs RC, Panda-Jonas S, Jonas JB, Bakker D, Pols HA, et al. Prevalence and causes
of visual field loss in the elderly and associations with impairment in daily functioning: the Rotterdam
Study. Archives of Ophthalmology. 2001; 119(12):1788–94. Epub 2001/12/26. PMID: 11735788.
2. Quigley HA, Broman AT. The number of people with glaucoma worldwide in 2010 and 2020. British
Journal of Ophthalmology. 2006; 90(3):262–7. Epub 2006/02/21. doi: 10.1136/bjo.2005.081224 PMID:
16488940; PubMed Central PMCID: PMC1856963.
3. Quigley HA. Glaucoma. Lancet. 2011; 377(9774):1367–77. Epub 2011/04/02. doi: 10.1016/S0140-
6736(10)61423-7 PMID: 21453963.
4. Musch DC, Gillespie BW, Lichter PR, Niziol LM, Janz NK. Visual field progression in the Collaborative
Initial Glaucoma Treatment Study the impact of treatment and other baseline factors. Ophthalmology.
2009; 116(2):200–7. Epub 2008/11/21. doi: 10.1016/j.ophtha.2008.08.051 PMID: 19019444; PubMed
Central PMCID: PMC3316491.
5. Weih LM, Nanjan M, McCarty CA, Taylor HR. Prevalence and predictors of open-angle glaucoma:
Results from the visual impairment project. Ophthalmology. 2001; 108(11):1966–72. PMID: 11713063
6. Janz NK, Musch DC, Gillespie BW, Wren PA, Niziol LM. Evaluating clinical change and visual function
concerns in drivers and nondrivers with glaucoma. Investigative Ophthalmology & Visual Science.
2009; 50(4):1718–25. Epub 2008/12/09. doi: iovs.08-2575 [pii] doi: 10.1167/iovs.08-2575 PMID:
19060263.
7. McGwin G Jr, Mays A, Joiner W, Decarlo DK, McNeal S, Owsley C. Is glaucoma associated with motor
vehicle collision involvement and driving avoidance? Investigative Ophthalmology & Visual Science.
2004; 45(11):3934–9. Epub 2004/10/27. doi: 10.1167/iovs.04-0524 PMID: 15505039.
8. Bechetoille A, Arnould B, Bron A, Baudouin C, Renard JP, Sellem E, et al. Measurement of health-
related quality of life with glaucoma: validation of the Glau-QoL 36-item questionnaire. Acta Ophthalmo-
logica. 2008; 86(1):71–80. Epub 2007/08/30. doi: AOS999 [pii] doi: 10.1111/j.1600-0420.2007.00999.x
PMID: 17725614.
9. Hakamies-Blomqvist L, Wahlstrom B. Why do older drivers give up driving? Accident Analysis & Pre-
vention. 1998; 30(3):305–12.
10. Ramulu PY, West SK, Munoz B, Jampel HD, Friedman DS. Driving cessation and driving limitation in
glaucoma: the Salisbury Eye Evaluation Project. Ophthalmology. 2009; 116(10):1846–53. Epub 2009/
07/14. doi: 10.1016/j.ophtha.2009.03.033 PMID: 19592110; PubMed Central PMCID: PMC2757455.
11. McCloskey LW, Koepsell TD, Wolf ME, Buchner DM. Motor vehicle collision injuries and sensory
impairments of older drivers. Age & Ageing. 1994; 23(4):267–72.
12. Foley DJ, Wallace RB, Eberhard J. Risk factors for motor vehicle crashes among older drivers in a rural
community. Journal of the American Geriatrics Society. 1995; 43(7):776–81. PMID: 7602030
13. Szlyk JP, Mahler CL, Seiple W, Edward DP, Wilensky JT. Driving performance of glaucoma patients
correlates with peripheral visual field loss. Journal of Glaucoma. 2005; 14(2):145–50. PMID: 15741817
14. Tanabe S, Yuki K, Ozeki N, Shiba D, Abe T, Kouyama K, et al. The association between primary open-
angle glaucoma and motor vehicle collisions. Investigative Ophthalmology & Visual Science. 2011; 52
(7):4177–81. Epub 2011/03/31. doi: 10.1167/iovs.10-6264 PMID: 21447677.
15. McGwin G Jr, Xie A, Mays A, Joiner W, DeCarlo DK, Hall TA, et al. Visual field defects and the risk of
motor vehicle collisions among patients with glaucoma. Investigative Ophthalmology & Visual Science.
2005; 46(12):4437–41. doi: 10.1167/iovs.05-0750
On-Road Driving in Glaucoma
PLOSONE | DOI:10.1371/journal.pone.0158318 July 29, 2016 10 / 12
16. Owsley C, McGwin G, Ball K. Vision impairment, eye disease, and injurious motor vehicle crashes in
the elderly. Ophthalmic Epidemiology. 1998; 5(2):101–13. PMID: 9672910
17. Hu PS, Trumble DA, Foley DJ, Eberhard JW,Wallace RB. Crash risks of older drivers: A panel data
analysis. Accident Analysis & Prevention. 1998; 30(5):569–81.
18. Haymes SA, Leblanc RP, Nicolela MT, Chiasson LA, Chauhan BC. Risk of falls and motor vehicle colli-
sions in glaucoma. Investigative Ophthalmology & Visual Science. 2007; 48:1149–55.
19. Kwon M, Huisingh C, Rhodes LA, McGwin G Jr, Wood JM, Owsley C. Association between glaucoma
and at-fault motor vehicle collision involvement among older drivers: a population-based study. Oph-
thalmology. 2016; 123(1):109–16. doi: 10.1016/j.ophtha.2015.08.043 PMID: 26459997; PubMed Cen-
tral PMCID: PMCPMC4695303.
20. Huisingh C, McGwin G Jr, Wood J, Owsley C. The driving visual field and a history of motor vehicle colli-
sion involvement in older drivers: a population-based examination. Invest Ophthalmol Vis Sci. 2015; 56
(1):132–8. doi: 10.1167/iovs.14-15194 PMID: 25395488; PubMed Central PMCID: PMCPMC4288142.
21. Rubin GS, Ng ES, Bandeen-Roche K, Keyl PM, Freeman EE, West SK. A prospective, population-
based study of the role of visual impairment in motor vehicle crashes among older drivers: the SEE
study. Invest Ophthalmol Vis Sci. 2007; 48(4):1483–91. doi: 10.1167/iovs.06-0474 PMID: 17389475.
22. Glen FC, Smith ND, Crabb DP. Impact of superior and inferior visual field loss on hazard detection in a
computer-based driving test. Br J Ophthalmol. 2015; 99(5):613–7. doi: 10.1136/bjophthalmol-2014-
305932 PMID: 25425712.
23. Prado Vega R, van Leeuwen PM, Rendon Velez E, Lemij HG, deWinter JC. Obstacle avoidance, visual
detection performance, and eye-scanning behavior of glaucoma patients in a driving simulator: a pre-
liminary study. PloS One. 2013; 8(10):e77294. Epub 2013/10/23. doi: 10.1371/journal.pone.0077294
PMID: 24146975; PubMed Central PMCID: PMC3797776.
24. Kunimatsu-Sanuki S, Iwase A, Araie M, Aoki Y, Hara T, Nakazawa T, et al. An assessment of driving fit-
ness in patients with visual impairment to understand the elevated risk of motor vehicle accidents. BMJ
Open. 2015; 5(2):e006379. doi: 10.1136/bmjopen-2014-006379 PMID: 25724982; PubMed Central
PMCID: PMCPMC4346674.
25. Kubler TC, Kasneci E, Rosenstiel W, Heister M, Aehling K, Nagel K, et al. Driving with glaucoma: task
performance and gaze movements. Optometry & Visual Science. 2015; 92(11):1037–46. doi: 10.1097/
OPX.0000000000000702 PMID: 26501733.
26. Bowers A, Peli E, Elgin J, McGwin G, Owsley C. On-road driving with moderate visual field loss. Optom-
etry & Vision Science. 2005; 82(8):657–67.
27. Haymes SA, LeBlanc RP, Nicolela MT, Chiasson LA, Chauhan BC. Glaucoma and on-road driving per-
formance. Investigative Ophthalmology & Visual Science. 2008; 49(7):3035–41. Epub 2008/03/11. doi:
10.1167/iovs.07-1609 PMID: 18326696.
28. Bhorade AM, Yom VH, Barco P, Wilson B, Gordon M, Carr D. On-road driving performance of patients
with bilateral moderate and advanced glaucoma. American Journal of Ophthalmology. 2016. doi: 10.
1016/j.ajo.2016.02.031 PMID: 26949136.
29. Folstein MF, Robins LN, Helzer JE. The Mini-Mental State Examination. Archives of General Psychia-
try. 1983; 40(7):812. Epub 1983/07/01. PMID: 6860082.
30. Bailey IL, Lovie JE. New design principles for visual acuity letter charts. Am J Optom Physiol Opt. 1976;
53(11):740–5. PMID: 998716.
31. Elliott DB, Bullimore MA, Bailey IL. Improving the reliability of the Pelli-Robson contrast sensitivity test.
Clinical Vision Science. 1991; 6:471–5.
32. Nelson-Quigg JM, Cello K, Johnson CA. Predicting binocular visual field sensitivityfrommonocular
visual field results. Investigative Ophthalmology & Visual Science. 2000; 41:2212–21.
33. Owsley C, Stalvey B, Wells J, Sloane ME. Older drivers and cataract: driving habits and crash risk. J
Gerontol A Biol Sci Med Sci. 1999; 54(4):M203–11. PMID: 10219012.
34. Owsley C, McGwin G Jr, Sloane M, Wells J, Stalvey BT, Gauthreaux S. Impact of cataract surgery on
motor vehicle crash involvement by older adults. JAMA. 2002; 288(7):841–9. PMID: 12186601.
35. Wood JM, Mallon K. Comparison of driving performance of young and old drivers (with and without
visual impairment) measured during in-traffic conditions. Optometry & Vision Science. 2001; 78
(5):343–9. Epub 2001/06/01. PMID: 11384012.
36. Wood JM, Worringham C, Kerr G, Mallon K, Silburn P. Quantitative assessment of driving performance
in Parkinson's disease. Journal of neurology, neurosurgery, and psychiatry. 2005; 76(2):176–80. Epub
2005/01/18. doi: 10.1136/jnnp.2004.047118 PMID: 15654027; PubMed Central PMCID: PMC1739510.
37. Wood JM, Anstey KJ, Kerr GK, Lacherez PF, Lord S. A multidomain approach for predicting older driver
safety under in-traffic road conditions. Journal of the American Geriatrics Society. 2008; 56(6):986–93.
Epub 2008/04/22. doi: 10.1111/j.1532-5415.2008.01709.x PMID: 18422946.
On-Road Driving in Glaucoma
PLOSONE | DOI:10.1371/journal.pone.0158318 July 29, 2016 11 / 12
38. Wood JM, Anstey KJ, Lacherez PF, Kerr GK, Mallon K, Lord SR. The on-road difficulties of older drivers
and their relationship with self-reported motor vehicle crashes. Journal of the American Geriatrics Soci-
ety. 2009; 57(11):2062–9. Epub 2009/10/02. doi: 10.1111/j.1532-5415.2009.02498.x PMID: 19793153.
39. Kotecha A, O'Leary N, Melmoth D, Grant S, Crabb DP. The functional consequences of glaucoma for
eye-hand coordination. Invest Ophthalmol Vis Sci. 2009; 50(1):203–13. doi: 10.1167/iovs.08-2496
PMID: 18806294.
40. Black AA, Wood JM, Lovie-Kitchin JE, Newman BM. Visual impairment and postural sway among older
adults with glaucoma. Optom Vis Sci. 2008; 85(6):489–97. doi: 10.1097/OPX.0b013e31817882db
PMID: 18521027.
41. Black AA, Wood JM, Lovie-Kitchin JE. Inferior field loss increases rate of falls in older adults with glau-
coma. Optom Vis Sci. 2011; 88(11):1275–82. doi: 10.1097/OPX.0b013e31822f4d6a PMID: 21873923.
42. Kasneci E, Sippel K, Aehling K, Heister M, Rosenstiel W, Schiefer U, et al. Driving with binocular visual
field loss? A study on a supervised on-road parcours with simultaneous eye and head tracking. PloS
one. 2014; 9(2):e87470. Epub 2014/02/14. doi: 10.1371/journal.pone.0087470 PMID: 24523869;
PubMed Central PMCID: PMC3921141.
43. Wood JM, McGwin G Jr, Elgin J, Vaphiades MS, Braswell RA, DeCarlo DK, et al. Hemianopic and
quadrantanopic field loss, eye and head movements, and driving. Investigative ophthalmology & visual
science. 2011; 52(3):1220–5. Epub 2011/03/04. doi: 10.1167/iovs.10-6296 PMID: 21367969; PubMed
Central PMCID: PMC3101691.
44. Crabb DP, Smith ND, Rauscher FG, Chisholm CM, Barbur JL, Edgar DF, et al. Exploring eye move-
ments in patients with glaucoma when viewing a driving scene. PloS one. 2010; 5(3):e9710. Epub
2010/03/20. doi: 10.1371/journal.pone.0009710 PMID: 20300522; PubMed Central PMCID:
PMC2838788.
45. Chen H, Cao L, Logan DB. Analysis of risk factors affecting the severity of intersection crashes by logis-
tic regression. Traffic Inj Prev. 2012; 13(3):300–7. doi: 10.1080/15389588.2011.653841 PMID:
22607253.
46. Scilley K, Jackson GR, Cideciyan AV, Maguire MG, Jacobson SG, Owsley C. Early age-related macu-
lopathy and self-reported visual difficulty in daily life. Ophthalmology. 2002; 109(7):1235–42. PMID:
12093644
47. Fan-Paul NI, Li J, Miller JS, Florakis GJ. Night vision disturbances after corneal refractive surgery. Surv
Ophthalmol. 2002; 47(6):533–46. PMID: 12504738.
48. Chu BS, Wood JM, Collins MJ. Effect of presbyopic vision corrections on perceptions of driving diffi-
culty. Eye Contact Lens. 2009; 35(3):133–43. doi: 10.1097/ICL.0b013e3181a1435e PMID: 19421020.
49. Wood JM, Lacherez PF, Anstey KJ. Not all older adults have insight into their driving abilities: evidence
from an on-road assessment and implications for policy. Journals of Gerontology Series A, Biological
Sciences & Medical Sciences. 2013; 68(5):559–66. Epub 2012/08/04. doi: 10.1093/gerona/gls150
PMID: 22859387.
50. Parker WT, McGwin G Jr, Wood JM, Elgin J, Vaphiades MS, Kline LB, et al. Self-reported driving diffi-
culty by persons with hemianopia and quadrantanopia. Curr Eye Res. 2011; 36(3):270–7. doi: 10.3109/
02713683.2010.548893 PMID: 21275522; PubMed Central PMCID: PMCPMC3581322.
On-Road Driving in Glaucoma
PLOSONE | DOI:10.1371/journal.pone.0158318 July 29, 2016 12 / 12
